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An aiticle includes a sili- ^ 
con-containing substrate and a modified * 
mtillite coating. The modeled mulU 
coating comprises mullite aWd a mpdifier 
component that reduces cracks in . Ae . 
modified liiuilite coatingl The article can / 
furtiifa- coihpij^: a theimal bebfef ^»^ng 
applied to th^ mcdifii^ coafiiig. 
The modiiSesd : ffiuiiite coaidng f^c^^^ ' 
as a boiii coating between 4© 
cnviroiiienta/fficim^ co^g 
and the siiicpiH<jQntainii^ sul^Sraie- 
In a raetiKxi cif formihg an arti^> a 
silicOT-containing, substrate is fonncd 
and a modified ibullite coating is applied. 
The modified mullite coating comprises 
mullitc aruf a modifier ccMnpOTent that 
leduces cracks in the modified midlite 
coating. 
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COATED ARTICLE AND METHOD OF MAKING 

IWs invention vwas made with government support under 
Contract No. NAS3-26385 awarded by NASA. The government may have 
certain rights in the invention. 
5 BACKGROUND OF THE INVENTION 

The invention relates to an artide having at least a modified 
mulUte coating. The invention ftirttier relates to a silicon-containing substrate 
having at least a modified mulUte coating. The invention further relates to a 
silicon-containing ceramic substrate having a modified mulUte coating and at 
1 0 least one additional layer of material. 

SiUcon-containing materials have been proposed for structures 
vised in hi^ temperature appUcations, such as in heat exchangers and 
advanced intOTtalcombustioneng^. For exaniple, sihcon-^jased composite 
ceramics have been proposed as materials for applications in combuslors for 
15 commercial airplanes. However, these ceramic materials exhibit poor, 
oxidation resistance in reducing aitmospheres and in environments containing 
saIts,watervapor or hydrogen. Hence^itisnecessary to apply environmental 
barrier coatings to the^corH»ntaining materials to provide protection firom 
enviromr«ntal attadc at dgvated tec^atu^ 
20 coatings to extend the life at elevated temperatures. 

MulUte has been proposed as a material for environmental 
barrier coatings as well as Ihermal barrier coatings on siUcon<ontaining 
materials. MulUte exhibits low thermal conductivity. Ithas low density and 
a high melting point. However, mulUte coatings tend to develop cracks 
25 perpendicular to substrates and through the thickness of the coating, These 
cracks are detrimental to the hmctions of the mulUte coating because they 
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serve as transport paths for corrosive species causing severe oxidation and 
corrosion at the interface between the coating and substrate. AdditionaUy, 
cracks in the coating concentrate stresses. The cracks apply shear and tensile 
forces on tiie substrate to cause substrate fractures. 

5 Since the aack openings increase with inaeasing distance from 

the mulUte substrate interface, the cracks may be the result of ttie difference in 
themial expansion between the muUite coaling and the siHcon-containing 
substrate. HG. 1 shows differences in the coefficient of thermal expansion 
(CTE) of mullite, siUcon carbide (SiC) and siUcon (Si). Thus, there is a need to 

10 provide coatings or layers to siHcon-containing substrates that act at least as 
environmental barrier coatings having reduced cracks. 

SUMMARY OF THE INVENTION 

Hie present invention is based on the discovery fcat a modifier 

component canbeadded'toamumte'coattogtol^u^^ 

15 appfied to a siUcon-containing substrate. The muUite coating wifli fee 
modifier component is also referred to as a modified mulUte coating. The 
modified mulUte coating reduce fi^acture at the interfece of the mullite 
coating and the silicon-containing substrate. 

In one aspect, tiie invention is an artide comprising a siUconr 
20 containii^ substrate and a modified muJlite coating. The modified mullite 
coating comprises muUite mi a modifier component *at reduces cracks, 
including tittou^thickness crocks, in the mullite coating. %eferai)ly, flie 
modifier component comprises a component having a lower ther^ 
expansion than tiie muUite coating. As a result, themodifier component 
25 imparts a lower thermal expansion coefficient to the muUite coating. The 
artide can hirtiier comprise an external environmental/therm^ barrier 
coating appUed to the modified muUite coating. The modified muUite coating 
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then functions as a bond coat between the external environmental/ thermal 
barrier coating and the siUoon-containing substrate. 

In another aspect, the invention relates to a method of forming 
an artide with at least a modified mulUte coating. In the method, a silicon- 
containing substrate is formed and a modified mulUte coating is appUed. The 
modified mulUte coating coir^rises mulKte and a modifier component that 
reduces cracks in the coating. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a graph illustrating comparative coefficient of thermal 
expansions for mvillite, siHcon carbide and silicon. 

FIG. 2 is a graph illustrating comparative coefficient of thermal 
expansions for mulUte, oordierite, hised siUca. and celsian 
(BaO»Al203»2Si02). 

HG. 3 is a photomicrograph for a muUite and yttria stabiUzed 
zirconia-coated siUcon carbide/siUcon carbide composite. 

FIG. 4 is a photomicrograph for a mulUte witti twenty-two 
volume percent calcium aluminosiUcate and a yttria stabUized zirconia-coated 
siUcon carbide/siUcon carbide composite; and 

FIG. 5 is a photomicrograph for a mulUte with eighteen volume 
percent barium strontium aluminosiUcate and a yttria stabiUzed zirconia- 
coated siUcon caibide/siUcon carbide composite. 

DETAILED DESCRIPTION OF THE INVENTION 

According to the invention, a modifier component is added to a 
mulUte coating to reduce or eUminate cracks, including through-thickness 
cracks. By through thickness-cracks is meant cracks that extend substantiaUy 
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through the entire thickness of the mulUte coating from near the top surface 
to near the bottom of the coating or near the siUcon-containing substrate. 
The modifier components can be categorized into one or more of at least three 
honctional groups. (1) The modifier component imparts a closer coefficient of 
thermal expansion (CTE) match between the modified mulUte coating and 
siUconK:ontaining substrate than the coefficient of thermal expansion match 
between the mulUte coating without the modifier and the siUcon-containing 
substrate. (2) The modifier con^onent provides a phase or phases that 
reduce the overall elastic modulus of the modified muUite coating to Reduce 
thermal stress in said coating. (3) The modifier component provides a phase 
or phases that serve as crack arresters to increase resistance of the modified 
muUite coating to crack propagation. The modifer component increases ttve 
toughness of the modified muUite coating. 

The modified muflite coating is appUed to a siUcon-containing 
substrate. Suitable siUcon-containing substrates con^rise materials that 
result in cracking of an appUed muUite abating. Hie ^con-corttainmg 
substrate can comprise a ceramic such as a sUicon-based ceramic. Exain^es 
are siUcon carbide, siUcon nitride, silicon carbon nifaide, siUcon oxyiutride, 
and the Uke. The siUcon- containing ceramic substirate can be a monoUth or 
coH^osite. A compo^te can comprise a silicon> silicon carbide, carbon or 
tnbctiires Jreof reinfoitirig fibers, ptrtigula^ or wWskers and a siUcon- 
basedmatrix. The fibers, p^aikte and whidc«s generaUy ^ve at le^^ 
outer coating, such as siUcon c^ide, siUcon boride, silicon nitride and the 
like. The matrix can be' processed by melt infiltration (MI), chemical vapor 
infiltration (CVI) or other technique. Exemplary siUcon-containing subsb^tes 
include a monoUtiuc siUcon carbide and siUcon nitiide substirate, a siUcon 
carbide fiber-reinforced^ siUcon carbide mahrix composite, carbon fiber- 
reinforced SiUcon carbide matrix composite, and a siUcon carbide fiber- 
reinforced siUcon nitride composite. T^ prefenred substrate comprises a 
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siUcon carbide fib«-reinforced siUcon-siUcon carbide matrix composite 
processed by silicon melt infiltration. 

Also suitable as siUcon-containing substrates are silicon metal 
alloys. These alloys include niobium silicon alloys, inolybdenum siUcon 
alloys and the like. 

The coated article of the invention can comprise a thermal 
barrier coating appUed to the modified mulHte coating. Suitable external 
environmental/thermal barrier coatings include chemically stabilized 
zirconias/such as yttria-stabilized zirconia, scandia-stabilized zirconia, calda- 
stabilized zirconia and magnesia-stabilized zirconia, alumina and alumina 
silicate. Preferred external environmental/thermal barria: coatings in this 
invention include yttria-stabilized zirconia (YSZ), barium strontium 
aluminosiUcate (BSAS), caldum aluminosiUcate (CAS) and yttrium siUcattes 
(VS). 

The modified muUite coating of the invention comprises mullite 
and a modifier component that reduces cracks in the modified mullite 
coating. Mullite is a stabl^ form of aluminum siUc^te found nahiraUy or 
formed by heating other aluminum siUcates such as cyanite, sillimMiite and 
aidalusite, to hi^ ten^ture. Muljite is an excellent high temperature 
material (incongruent melting temperature 4»ut 18^ 
resistance, high thermal shock resistance ^d ch^cal st^hOity at high 
temperatures, such as up to about 1700e. It is the pnly stable crystalline 
compound in the aluminum siUcate system under normal atmospheric 
pressure. It has a chemical composition ranging from 3Al203^2SiG2 (71.8 wt% 
AI2Q3) (3/2 mulUte) to approximately 2Al2CbSi02)2 (773 wt%Al2Q3)(2/l 
mullite). It oystallizes in the orthorhombic system. It has a melting point of 
1850 C. aiid a coefficient of thermal expansiion of 5.62 x 10*/ C in ftie 25-1500 
C range. In the absence of glassy inclusions, muUite retains greater than 90% 
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of its room temperature strength to 1500 C and displays very high creep and 
themud shock resistance. 

Examples of suitable modifier components of the jnodified 
mulUte coating indude alkaline earth aluminosilicates, preferably with the 

5 formula MO*Al203*2Si02, where M is an alkaline earth element. Preferred 
modifier components of the formula MO.Al203»2SiO2 indude barium 
feldspar (BaO»Al203«2Si02), strontium feldspar (SrO*Al203*2Si02), and 
combinations of barium feldspar (BaO« Al203»2Si02), and strontium fddspar 
(SrO«Al203»2Si02). Preferably, the alkaline earth aluminosiHcate has a 

0 monodinic celsian crystalline phase. Most preferred aluminosiUcates indude 
(BaO)o.75(SrO)o^-Al203-2Si02 referred to^ as BSAS, CaO-AljOs- 25102 
referred t6 as CAS and BaO«Al203«2Si02. Other suitable modifiers indude 
materials referred to as NZP's sudi as NaZr2P30i2, Bai^4P3^io5024, 
Caa5Sro^4(P04)6 and Cao^Mgo;4Sr4 dPOih- Other preferred modifiar 

5 components indude yttrium ^cates, caldum alginates induding 3Caos»5 
AI2O3, aluminum titanates induding AljOj^m, cordierite (2MgQ-Al203-5 
Si02), fused sUica (Si02) and siUcon (Si). These materials are also, chemically 
compatible with muflite. 

The modifier components maybe adde|d to the modified mullite 
20 coating in a percent vphime range between about 5 to about 50. Preferably, 
die modifier cpmppnent is present in ab9ut 10 to about 30 volume percerit of 
die modified mulHte coating and most prrferably in about 15 to 25 volume 
percent. 

In die group (1) modifier components, a coeffident of ttwrmal 
25 expansion is imparted to tiie modified mullite coating that is doser to the 
coeffident of thermal ebcpansion of the siUcon-containing substrate. The 
coeffident of thermal expansion of a polycrystalline composite material is 
determined by the volume fractions of its constihients. The coeffident of 
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thermal expansion can generaUy be approximated by using the rule of 
mixture: 

where a, is the coefficient of thermal expansion of the composite, and a„a, 
and a, and V,, V2 and Vi are the coefficient of thermal expansions and 
volumi fractions of phases 1^2 and irrespectively. Therefore, adding a phase 
or phases with lower coefficient of thermal expansion to a material wiU result 
in a composition that has a lower coefficient of thermal expansion than Ae 
starting material. To dupUcate the coefficient of thermal exp^ion of *e 
siUconKXjntaining substrate, the volume faction of the modifier component in 
the modified mullite coating should be proportionate to the ratio of the 
difference between the coefficient of tiiermal expanaon of the silicon- 
containing substeate and the coeffident of thermal expanaon of the mullite to 
the difference between fte coefficient of thermal expa^^^ 
component and the coefficient of therms expansion of fhe mum^^ 

A comparison of coefficient of thermal e^qpansion of muUite 
with the coefficient of diermal expansions of cordierite, fused alica and 
celsian (BaO*Ak(;fe«€^yisiHu§trat«iinI^.2. Aceor^ng to the invention, 
co^epositing mumte with a low thermal expans^^ 
as cordierite, fused siU^ or ce»sian(^aO^ 

containing ceramic substrates or ceramic composite substrates imparts an 
in^roved thermal expansion match of the modified mulUte coating with *e 
siUcon<ontainir^ substrate than with a monpUthic mulljte coating. ( 

Cordierite is an incongruently melting compound vdth mum^ 
formed first when cooling from the Uquid phase. Upon quenching form the 
melt splash during the plasma spray, it may remain as a glassy material or 
muUite with a glass phase. This may require a post^ray annealing process 
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at appropriate temperatures to convert the material to cordierite. The 
amount of modifier component addition can be first estimated by the rule of 
mixture estimate. But because of the complexity of phase composition in the 
system, a trial and error process may have to be executed before an optimal 
5 proportion is reached. 

The muUite coating with the modifier component can be appUed 
to the siUcon-containing substrate by any suitable method including thermal 
spray, air plasma spray (APS) and vacuum or low pressure plasma spray 
(VPS or LPPS), high velocity oxy-hiel (HVOF) spray, vapor deposition, 
10 including chemical vapor deposition (CVD), physical vapor deposition (PVD) 
and solution techniques such as sol-gel, slurry coating or colloidal suspension 
coating. A constituent starting powder of the mullite coating and modifier 
component may be premixed through a vigorous mechanical process, such as 
baU milling, to provide interlocking of the powders and prevent s^egation 
15 of phases due to density differences. For the same purpose, a sol^ or 
colloidal process may be employed to coat the partides of one constituent 
with another. 

Sarin et aU U.S. Pat 5:763,008 and Lee a/., U.S. Pat 5,496,644 
describe exemplary methods of applying mulUte coatings. The disclosures of 

20 these patents are mcorporated herein by reference. Sarin et al discloses a 
chemical deposition process comprising steps of establishing a flow of 
reactants which wiU yield mulUte in a CVD reactor, and depositing a 
crystalline coating from the reactant flow. Lee d al. discloses a method of 
plasma sprang muUite coatings onto siUcon-based ceramic materials. The 

25 method prevents deposition of amorphous muUite by heating ttte siUcon- 
containing substrate to a very high temperature (greater than lOOOC) during 
the spraying process. 



1 
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The f oUowing examples are iUustrative of the inventioii. 
Examples 

Powden, of CaO.Al20,.2aCh (CAS) (22 vol%) and 
(BaO)«(SK)).^.Ah03-2SiO, (BSAS) (18 vol%) were added to n«Mie 
5 powder by baU nflling, respertvely. The comporile powders were sprayed 
^ air plasn>a W (AK) onto a sUicon carbon fiber reinforced siBcon 
earbid«iUconmalrixcomposilesubsH:ateprocessedbymeI.inffltratioa The 

substrate l^perature was kept at 1050 to 1250 C. The plasma torch model 
was Becnvplasma 03CA, with 45 kW power, argon (14.4 SLM) as primary 

10 eas ar,d hehum (9.8 SLM) as secondary gas. Hasina «>rch to substrate 
distance was 4". A top'coal of yttria^biUzed drconia OffiZ) was applied on 
top of the composite muBile coating by aii plasma spray oang standard 
operating procedures for thermal barrier coalings. A baseline sarsple of 
n^thic muBite coating on the ceramic composite substrate was also 

15 prepared using the ,l»ennal spray techm-iue with a yttria^Wli^d*^^ 

topcoat 

Samples of silkon-containing ceramic subsfeates with the 
nK>dified mullite and thermal barrier coatings and monoUthic mmiite 
coating? wer. subjected to aA environmental furnace test with two hour 

20 cydes:fromro<mtf««e^^ 
The results are diown in Fi|^>5. 

Figure 3 shov^ that through-thickness cracks developed in the 

baseline sample with the monoUthic muUite coating. Extensive oxidation of 
the siUconW ceramic composite at the mumt^/su^^^^ 
25 resulted in failure of the mulHte coating (enviromnental barrier coatmg) 
during the test. 
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In contrast, the composite modified mulUte coatings shown in 
Figs 4 and 5 exhibited no through-thickness cracks in the modified mulUte 
coating and the coatings survived the test with minimal change at the 
modified muUite coating/substrate interface. 



1^ 
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WHAT IS CLAIMED: 

1. An article comprising: 

a silicon-containing substrate; and 

a modified muUite coating comprising mulUte and a modifier 
component that reduces cracks in the modified muUite coating. 

2. The article of claim 1, wherein said modifier component 
comprises a lower thermal expansion component ttian mullite that imparts a 
closer coefficient of thermal expansion match between said modified mullite 
coating and said silicon-containing substrate. 

3^ The M^ide of daiml/wherein said modifier coriiponent forms a 
phas^ in said modified mullite coating that reduces thermal stiress in the 
modified muUite coating by redudng the elastic modulus of said modified 
mullite coating. 

4. The artide of daiml, wherein said modifier component forms a 
phase in said modified mulUte coating that arrests the propagation of aadss 
ki said modified mullite coating. 

^5. The artide of daiih 1, wherdn said modifier component 
comprises an allcaiine earih alummpsih<ate^ 

6l The artide of daim 1, wherein said modifier component 
comprisesamodifier component of the formMa MO*A»A •'SIO^^^hereM 
is an alkaline earth element and 1^*- 3. ^ 

7. The artide of claim 1, wherein said modifier component 
comprises barium feldspar (BaO«Al2C^«2Si02), stirontium feldspar 
(SrO*Al203»2Si02) or a combination of barium fddspar (BaO*Al203*2SiC>2), 
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and Strontium feldspar (SrO«Al2Q3*2Si02). 

8. The article of claim 1, wherein said modifier component 
compri^ a monodinic celsian crystalline phase. 

9. The article of daim 1, wherein said modifier component 
comprises barium strontium aluminosilicate (BSAS), caldum aluminosiUcate 
(CAS), yttrium siUcate (YS) or a combination tiiereof . 

10. The artide of daim 1, wherein said modifier component 
comprises an NZP (NaZr2P3012) modifier. 

11. The artide of daim 10, wherein said modifier component 
comprises NaZraPaOu, Ba:.25Zr4P53Sio302«, Cao5Sro.5Zr4(P04)6 or Cao.6Mgo.4Sr4 

(P04)6. 

12. The artide of d^ .1, wherein said modifier component 
comprises a caldum aluminate or an aluminum titanate. 

13. The artide of daim 1, wherein said modifier coiErq)onent 
comprises 3Ca0.5f5 AE03, or AiaOa^liOZ. 

^ 14 The artide of d?im % wherein said modifier component 
comprises cordierite (2MgO*2A1203.5Si02), hised silica (Si02) silicon « 
or mixture thereof. ^ 

15. The artide of daim 1, wherii said siHcon-containing substirate 

is a monoUthic or composite ?iUcon carbide/siUcon ceramic. • 

16. The artide of daim 1, wherein said silicon-containing substrate 
is a monbUthic or composite siUcon nitride. 
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17. The artide of daim 1, further comprising an external 
environmental/thermal barrier coating appUed to said modified muUite 
coating. 

18. The artide of daim 17, wherein said modified muUite coating 
5 furvctions as a bond coating between said external environmental/the^ 

barrier coating and said siUcon-containing substrate. 

19. The artide of daim 17, wherein said thermal barrier coating 
comprises yttria-stabilized zirconia, scandia-stabilized zirconia, calda- 
stabilized zirconia, magnesia-stabilized zirconia, alumina or alumina siUcate. 

10 20. The artide of daim 2, wherein a volume faction of the modifier 

component in th? modified mulUte coating is proportionate to a ratio of a 
difference between a coef fident of thermal expansion of the siUcon-containing 
substrate and the coeffident of thermal expansion of a mulUte to a difference 
between a coeffident of thermal expansion of the modifier component and 

15 the coeffident of thermal expansion of the mullite. 

21. A method of forming an airtide, comprising; forming a silicon- 
containing substrate; and applying a modified mulUte coating comprising 
mulUte and a modifier component that reduces cradcs in the modified muUite 
coating. 

22. The method of daim 21, hirther con^rising anneaUng said 
modified muUite coating to convert a glass phase of said modifier component 
to a phase compatible with said muUite. 

23. The method of daim 21, hirAer comprising applying an 
external environmental/thermal barrier coating onto said modified muUite 

25 coating. 



20 
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The method Of daim 21, Wherein said modifier component 
compr^I a lower thermal expansion component than mullite that imparts a 
doser coeffident of thermal expansion mat A between said modified mulhte 
coating and said silicon-containing substrate. 

25 The method of daim 21, wherein said modifier component 
forms a phase in said modified muUite coating that reduces thermal stress in 
the modified muUitecoatingbyredudng the elasticmodulus of saidmodified 

mullite coating. 

26 The method of daim 21, wherein said modifier component 
forms a phase in said modified mullite coating Aat arrests the propagation of 
cracks in said modified mullite coating. 

27. The metiiod of daim 21, wherein said modifier component 
comprises alkaline earth aluminosiUcates. 

28 The method of daim 21, wherein said modifier compcment 
comprise, a modifier component of the formula MO.AU03*2Si02, where 
M is an allcalme eartii element. 

29 The method of daim 21, wherein said modifier component 
comprises barium feldspar (^O.Al203.2Si02), stirontium fddspar 
(StO.Al203.2Si02) or a combination of barium feldspar 
(BaO.Al?03.2Si02), and stroritium feldsj^ar (SrO- A1203.2SiO^^ 

30. The method of daim 21, wherein said modifier component 
comprises a monbdinic celsian crystalline phase. 

31 The metiiod of daim 21, wherein said modifier component 
comprises barium strontium aluminosiUcate (BSAS), caldum aluminosiUcate 
25 (CAS), yttrium siUcale(YS) or a combination thereof. 
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31 The method of daim 21, wherein said modifier component 
comprises an NZP modifier. 

33 The method of daim 32, wherein said modifier ■ component 
comprises NaZr2P3012, Bal25Zr4P5.5Si05O24, Ca05Sr0.5Zr4(PO4)6 or 
Ca0.6Mg0.4Sr4(PO4)6. 

34. The method of daim 21, wherein said modifier component 
comprises a caldum aluminate or an aluminum titanate. 

35. -nie method of daim 21, wherein said modifier component 
comprises 3Ca0.5.5 A1203, or Al203.Ti03. 

36 The method of daim 21, wherein said modifier component 
comprises cordierite (2MgO-2Al203.5Si02), fi-d silica (Si02) or silicon 

(Si). 

. 37 The mediod of daim 21, comprising adding a volume faction of 
me modifier component in the modified muUite coating is proportionate to a 
ratio of a difference between a coef fident of thermal expansion of the silicon- 
containing substrate and the ooeffident of thermal expansion of a mu^^^ 

difference between a coeffident of thermal expansion of the modifier 
component and the coef fident of thermal expansion of ttie mulUte. 

38 The method of daim 21, comprising applying said modified 
mumtecoatingby thermal spray,Mghvelodtyoxy-fixel(HVO^ 
deposition, physical vapor deposition (PVD) or solution tedmique. 

39 The method of daim 21, comprising applying said modified 
mulHte a,ating by air pUO.ma spray, vacuum plasma spray or low pressure 
plasma spray. 



PCTAJS99/09086 

WO 99/55640 

16 

40. The method of daim 21, comprising applying said modified 
mulUte coating by chemical vapor deposition. 

41 ihe method of daim 21, comprising applying said modified 
mumtecoatingby sol-gel, slurry coatingorcoUoidalsuspensioncoato^^ 

, 42 The method of daim 21, comprising forming the modified 

muUitecoatingby first formingastartingpowder of the coating and modifier 

component by ball milling. 

43. The method of daim 21, comprising forming the modified 
mulUte coating by a sol-gel or coUoidal process. 
,„ 44 A method for making a coated article compridng forming a 

^aicon/siUcon .^de compo^te having silicon carbid«on.aining fibers; 
applying a modified mulUte acting comprising mulUte and bartum 
Uln aluminoslHcate^, a«. reduces cradcs in the modified mulU« 
coafing; and optionaUy applying a y«ria^ili^ zir«inia coating fo the 
15 modified mullite coating. 

45 A coaled artidecon,»irfng .sili<»n/^«>-^t'ide composite 
H^g Silicon carbid^ontaining fibers; a modified mulUte coating 
mullite and barium strontium alum^- (BSAS,.^« 
^uces cracks in the modified mulHte coaling and optionally a ytlr..- 
20 stabili^zirconiacoalingonlhemodiBedmulBlecoating. 
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